Abstract-Malnutrition
M alnutrition contributes significantly to global mortality among children aged <5 years. 1, 2 Undernutrition before and during pregnancy alters development, increasing offspring risk of obesity and cardiovascular disease. 3 Undernutrition in infancy while offspring remain developmentally plastic also increases the risk of cardiovascular disease in adulthood. 2, 4, 5 Little is currently known about the effect of childhood malnutrition on adult risk of cardiovascular disease. Pooled analyses on participants undernourished in early childhood from low-and middle-income countries showed that weight, height, and body mass index at age 2 years had strong negative relationships with adult systolic blood pressure, even adjusting for weight. 6 Dutch adults, exposed to famine as children or adolescents, had an excess coronary events, but lower stroke rates. 7 Rates of type 2 diabetes mellitus were 25% higher in those moderately exposed to the famine and 50% in those severely exposed. 8 Similar but larger risks were recorded for prenatal exposure to the acute malnutrition during pregnancy in that famine; a 4-fold excess cardiovascular mortality occurred in female offspring exposed in utero to famine in early gestation. 9 Damage to cardiovascular structure or function arising from severe acute malnutrition (SAM) would have global public health significance. The damage could also differ between the 2 SAM syndromes: kwashiorkor and marasmus. We have used a retrospective cohort of adult survivors of SAM previously treated in the Tropical Metabolism Research Unit, Kingston, Jamaica, to explore the effects of malnutrition on adult cardiovascular structure and function and shown that birth weight is 333 g lower in infants presenting with marasmus when compared with those with kwashiorkor. 10 Lower birth weight suggests more severe intrauterine undernutrition, and marasmus survivors would, therefore, be expected to have greater later cardiovascular dysfunction than after kwashiorkor. However, because children with kwashiorkor are less able to sustain amino acid and lipid supply than children with marasmus, 11, 12 kwashiorkor children may also have poorer cardiovascular development, with later consequences for risk.
We hypothesized that SAM survivors aged ≈30 years would have impaired cardiovascular structure and function when compared with controls unexposed to SAM, and that there could be differences in cardiovascular measures between kwashiorkor and marasmus survivors. To test our hypotheses, we measured arterial stiffness (pulse wave velocity [PWV] ), left ventricular (LV) mass, other LV and carotid artery indices, and body composition.
Methods

Study Design/Subjects
We sampled subjects from all 1336 adults who had been admitted as children to the Metabolic Ward of Tropical Metabolism Research Unit during 1963 to 1993. Average age at original admission was 11.6 months (marasmic group) and 12.4 months (kwashiorkor). 10 Tropical Metabolism Research Unit has treated SAM since 1956, using standardized feeding protocols, and mortality rates approximate 4%. 10, 13 A total of 629 subjects were traced as adults by community health aides and nurses. Of these, 28 had died (cause of death unknown), 140 were not found at their last known address, and 94 did not participate because of migration (n=53), mental incompetence (n=16), pregnancy (n=3), missing hospital records (n=6), or were unavailable (n=16). A total of 116 of the remaining 367 consented to have cardiovascular assessments. Admission data (age, weight, height, and presence of edema) were extracted from hospital records. Malnutrition was classified using Wellcome criteria.
14 Those with moderate wasting (weight for age between 60th and 80th centile) and edema had kwashiorkor; and those with severe wasting (weight for age <60th centile) and edema had marasmic-kwashiorkor; and those with severe wasting without edema had marasmus. For analysis, we combined the kwashiorkor and marasmic-kwashiorkor subjects into an oedematous group, and the marasmus subjects formed the nonoedematous group.
Community controls who had never experienced SAM were also recruited. Recruiters went from house to house alternately on either side of the index case's address and identified patients matched by age (within 5 years), sex, and body mass index (within 2 kg/m 2 ) who were willing to participate. On average, 10 patients were screened to identify a control for each SAM survivor. Within the staffing time available, 45 (39%) controls were studied.
The Faculty of Medical Sciences, University Hospital of the West Indies Ethics Committee approved the study protocol. All participants gave written informed consent.
Cardiovascular Measurements
All participants fasted overnight before measurements with no strenuous exercise, alcohol, and caffeine for the preceding 12 hours. Participants with acute illnesses were excluded. Height and weight were measured in light clothing, to calculate body mass index (kg/m 2 ). Participants rested for >10 minutes supine in a temperature-controlled environment (22±1°C). Supine blood pressures were recorded in triplicate on the right arm, 2 minutes apart using an Omron HEM790IT sphygmomanometer. The last 2 measurements were averaged for analysis. Mid-upper arm circumference guided selection of appropriate sized sphygmomanometer cuffs.
Augmentation index, the difference between second and first systolic peaks as a percentage of pulse pressure, was derived from applanation tonometry 15 using a Millar pen-type tonometer and National Instruments SC-2345 signal acquisition and conditioning hardware.
A graphical user interface in Matlab (Mathworks, Natick, MA) was used to acquire and process the data. Tonometry was performed at the right brachial artery, with quality checks to ensure stable waveforms, then at the right radial and right carotid arteries.
Vascular ultrasound was performed using a GE Vivid i ultrasound machine (Fairfield, CT) with a vascular 8 L probe. Participants were recumbent with the neck in slight hyperextension, tilted ≈30° to the left. The right carotid and femoral arteries were imaged and intimamedial thickness (IMT) measured, 1 to 2 cm proximal to the carotid bulb or femoral bifurcation. Measurements were made on the posterior wall using electronic calipers, with the ECG triggered on the R-wave. Three measurements were taken, and the average was analyzed. Similarly, the right carotid end-diastolic wall and lumen diameters were measured, and derived cross-sectional surface areas were estimated (Tables 1-4), also expressed together with IMT.
Doppler methods for measuring PWV have good reproducibility, as established in original work ≥25 year ago 16 and prognostically. 17 As in the Asklepios Study, PWV was measured from ECG-gated Doppler flow waveforms (using the GE Vivid i machine described above), 1 to 2 cm proximal to the carotid bulb and femoral bifurcation. 18, 19 PWV was calculated as ∆L/∆t, with ∆L 80% of the direct distance between carotid and femoral location 20 and ∆t, transit time, the time delay between the feet of the 2 waveforms. Arterial tonometry and vascular ultrasound were conducted by 3 researchers, with good repeatability (within and between observer variation <6%). One of the researchers (J.K.) was from the Asklepios study and did 40% of these measures and trained the other 2 researchers.
Two-dimensional, M-mode and Doppler transthoracic echocardiography, also using the GE vivid, was performed with a cardiac 3S probe, in the left lateral recumbent position, obtaining standard parasternal short-and long-axis, apical, subcostal, and suprasternal views. All measurements were ECG gated with sweep speed set at 100 mm/s. Images and loops were exported in digital imaging and communications in medicine format. Stroke volume, LV mass, and outflow tract internal diameter were measured by 2 cardiologists when compared against each other extensively throughout the study, with blinded off-line reading. Cardiac output (CO) was derived using standard techniques, as was systemic vascular resistance (SVR) as mean arterial pressure=(2/3 diastolic+1/3 systolic]/CO.
CT Measurements
We used 1 cross-sectional scan at the L4-5 interspace on a Phillips Brilliance 64-slice scanner (Amsterdam, The Netherlands). Subjects were examined supine with arms outstretched overhead using the following parameters: 120 kV, 100-mA exposure, and 5-mm slice thickness. Total and intra-abdominal (visceral) fat mass and area were measured using the QCT Pro software.
Statistical Methods
Cardiovascular measures were right-skewed, so we used a FisherYates transformation, separately by sex, to normalize and standardize the variables. We used multiple linear regression analysis to assess differences in these standardized measures, between all survivors combined and controls, and then between nonoedematous and oedematous survivors. We first included age and sex, then added height and weight. We used SPSS version 19 (IBM, Chicago, IL), with P<0.05.
Results
The 161 participants' mean age was 28.8±7.8 years; 88 (55%) were men; 54 (34%) were nonoedematous; 62 oedematous (38%) SAM survivors; and 45 (28%) controls (Table 1 ). The 116 survivors of SAM in this study did not differ in their anthropometric indices from the 1220 subjects not recruited. There were similar proportions of men and women, patients with kwashiorkor and marasmus, as well as no differences in birth weight, age, and height for age at admission between those studied and those not recruited.
Patients with kwashiorkor had slightly greater weight for age (measured weight/expected weight as a percentage) at admission (60.0±9.8 versus 57.7±10.8; P=0.06) and in weight for height (68.3±9.0 versus 66.1±10.0; P=0.05). We also compared the 116 subjects who underwent cardiovascular studies with the remaining 196 subjects recruited, who had anthropometric but no cardiovascular measurements. There were no significant differences between these groups in age (P=0.2), sex (P=0.9), body mass index (P=0.5), or visceral fat mass (P=0.5).
There was no difference in weight or visceral fat mass between SAM survivors and controls. Baseline measures of systolic blood pressure and heart rate were normal and not significantly different between groups (Table 1) . However, diastolic blood pressure was significantly increased in both oedematous and nonoedematous SAM survivors when compared with controls (4.3 mm Hg; 95% confidence interval, 1.2-7.3 mm Hg; P=0.007). There were no significant sexrelated cardiovascular findings, but by malnutrition group (Table 2) , major differences emerged between all former SAM cases and controls (Table 3) . Controls had greater left ventricular outflow tract (LVOT) diameter, stroke volume, CO, and femoral IMT than SAM survivors. Their ejection fraction was lower but PWV was higher than SAM survivors. There were no differences in carotid IMT, IMT:carotid luminal or wall diameter, or other wall:lumen ratios, LV mass, or augmentation index. Further controlling for visceral fat mass had little effect (data not shown). These measures were not significantly different between oedematous and nonoedematous SAM survivors, except heart rate, after controlling for age, sex, height, and weight.
A striking finding was a higher SVR in SAM survivors, 5.5 (95% confidence interval, 2.8-8.4) mm Hg min/L than controls. That result was primarily related to lower CO at similar systolic, but at higher diastolic, pressures; hence, marginally higher mean pressures were observed. There was a marked inverse correlation between LVOT diameter and SVR (Figure 1 ; r=−0.57; P<0.0001). A correlation between SVR and larger vessel PWV (r=−0.1) was weaker and not significant.
If body surface area rather than height and weight were used for adjustment, differences in results were minimal and none of those above were altered, except for PWV. Therefore, if using the Dubois formula (body surface area=W (kg) ), then that SD difference was 0.26, no longer significant (P=0.77). 
Relationships Between Cardiac Geometry and Arterial Parameters
We examined large artery structure for remodeling and then its relationship with LV remodeling, testing carotid wall diastolic cross-sectional area, carotid wall diameters, lumen diameters in diastole, and their ratios (Tables 2 and 3 ). Carotid wall diastolic cross-sectional area was no different between SAM subgroups, but again, like the LVOT, tended to be smaller adjusted for age and sex in all former cases than in controls (0.28 SD; P=0.09; Table 3 ). Further adjustment for height and weight had little effect (P=0.1).
Indices of LV remodeling included LV mass indexed to body size, LV end-diastolic volume, a volume-sensitive parameter, and the more pressure-sensitive mass:volume ratio. Again there were no major differences between former cases or between all former cases and controls in absolute values (which, despite the slight increase in diastolic BP, were somewhat less than in patients with hypertension). 22, 23 However, intriguingly, relationships between cardiac and large artery (carotid) parameters were related to case status; unadjusted, the slopes between LV mass indexed and carotid WSA for former cases (Figure 2A ) or controls ( Figure 2B ) were similar. However, after adjustment for age, sex, height, and weight, the relationships were stronger and highly significant in former cases (adjusted r=0.3-0.5) but not in controls (0.1), possibly also for LV end-diastolic volume, but confined to former marasmic cases for mass:volume ratio (Table 4) .
There were no significant relationships between evidence of wasting (weight for height) or stunting (height for age) at admission in childhood and any adult cardiovascular measurement. We did not have follow-up anthropometric measurements on these children until this follow-up and so any relationships between cardiovascular structure and function and catch-up growth during childhood or adolescence are unknown.
Discussion
To our knowledge, this is the first report of abnormal cardiovascular structure and function in survivors of SAM. These findings are relevant to large numbers of people previously exposed to malnutrition across the world. Such effects could originate in utero, 24, 25 but may also result from, or be exacerbated by, the malnutrition insult in early childhood.
Comparison of Survivors and Controls
Adult survivors of severe childhood malnutrition had smaller LVOT diameters and decreased stroke volume, CO, and higher SVR than controls. The degree of difference is considerable, approximately half a SD between SAM survivors and controls.
LVOT Diameter, SV, and CO The decrease in LVOT diameter, stroke volume, and CO in SAM survivors when compared with controls might reflect a combination of pre-and postnatal insults because nutritional insults in both these developmentally plastic periods can limit organ development. Fetal redistribution of blood flow to preserve brain development mediates other organ underdevelopment. 26, 27 Animal studies suggest that adult cardiomyocyte numbers are set prenatally, and that stressors during this period can lead to decreased cell numbers that persist into adult life. 24 Our results are thus compatible with abnormal cardiac development among SAM survivors during fetal and postnatal plastic periods.
Systemic Vascular Resistance
A key new finding is the elevated estimated SVR (peripheral resistance) in SAM survivors. A raised SVR suggests relative resistance vessel constriction and reduced density of small resistance arteries. Neither was measured directly here, but vasoconstriction and reduced small arterial density are consistent with reports in models of hypertension from animals 28 and in humans. 29 The relationship between higher SVR and smaller LVOT (Figure 1 ) may arise from structural or from additional physiological factors. The first would follow the proposal that the abnormal SVR is because of underdevelopment of the arterial tree; alternatively, it may be a compensatory mechanism to preserve perfusion of some organs in the face of reduced CO. One consequence of diminished tissue level perfusion may be reduced aerobic capacity related both to reduced muscle blood flow in exercise and to the smaller size of the skeletal muscle mass itself noted in some survivors; we do not have data on aerobic capacity or physical performance in these subjects or in their controls. Whatever its origin, increased SVR and diastolic Diastolic Blood Pressure SAM survivors had similar systolic but higher diastolic blood pressures than controls. This may reflect higher sympathetic drive and arteriolar constriction, in line with elevated SVR and consistent with the literature on enhanced adrenergic 30 and hypothalamic-pituitary-adrenal 31, 32 axes in adults with a lower birth weight, or in our hypothesis, a smaller total vascular network. In one Bogalusa cohort, black/white differences in birth weight, childhood growth, and BP in childhood largely explained BP in adolescence. 33 Thus, there are several specific pathways through which SAM during early childhood may alter further development and may impair later cardiovascular and metabolic function.
Remodeling of Large Vessels and Cardiac Indices
It is unsurprising in patients aged 30 years that neither cardiac nor large-vessel remodeling was found. However, the only finding that differed between case types is that the carotid cross-sectional area was more closely related to each LV index in adult marasmus survivors than in kwashiorkor survivors or in controls (Table 4 ). This finding elicits an additional hypothesis that these adaptations may lead to greater cardiac and vascular pathology in later life in the marasmus survivors when compared with either other group. We continue to follow them up.
PWV and Augmentation Index
Survivors had lower PWV and similar augmentation index when compared with controls, indicating less arterial stiffness using our standard adjustment (if body surface area as height 1.7 was used, then PWV difference became lower, still in the same direction but no longer significant). The data for using height 1.7 come from a European population, perhaps not appropriate to this survivor cohort here. We had hypothesized the opposite, based on reports of lower elastin content in arteries from individuals with lower birth weight. 34 Carotidfemoral PWV is an independent predictor of cardiovascular mortality, and is more powerful than, and displaces BP in predicting events, 35, 36 including in this population group. 17 It is likely to be related to arterial calcification and sclerosis. 15, 37, 38 It may be relevant that earlier work reported an impressive inverse relationship between maternal systolic BP and neonatal PWV 39 ; unfortunately, there are no maternal data. Adjustment for mean pressure and heart rate did not alter these relationships. In addition, adjusting for visceral fat mass that is related to endothelial dysfunction and hence arterial stiffness did not explain the differences. The relatively young age of the cohort may underlie the lack of changes in arterial stiffness. Thus, longer term surveillance of SAM survivors will be essential to understand their risk of vascular disease more fully.
Carotid and Femoral IMT
The carotid IMT was not increased in survivors of SAM, suggesting no early atherosclerosis related to the nutritional insult. However, femoral IMT was greater in controls than in SAM survivors. Such an increase is likely to be unrelated to atherosclerosis because in more muscular arteries, such as the common femoral, IMT can be more influenced by an increased medial layer, which has not been shown to be a marker of generalized atherosclerosis. 40 
Comparisons of Kwashiorkor and Marasmus
There were no significant differences between oedematous and nonoedematous SAM survivors in any cardiovascular measure. However, it is clear that whatever the underlying pathways, 
Limitations
Limitations here include the relatively small size of the control group, balanced by it being carefully community based; however, that choice of controls may also minimize differences because their gestational and childhood nutritional and other exposures are unlikely to have been optimal. All participants were still relatively young. A possible survivor-bias effect should be minimal because the overall mortality rate of treated cases in this age group in our unit was ≈4% in the period when the subjects were born.
Perspectives
Survivors of SAM had smaller LVOT, reduced CO, higher diastolic blood pressure, and hence much greater SVR when compared with controls. Large-vessel remodeling was as yet minimal and not different. Carotid diastolic cross-sectional areas were related to LV indices, most prominently in the former overt marasmic survivors. This may have long-term cardiovascular consequences for the many people in the world who have experienced severe childhood malnutrition. 
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